Causes of resistance to chemotherapy have focused on molecular changes in individual tumour cells, including expression of drug export pumps such as P-glycoprotein and altered expression of tubulin isotypes, which convey resistance to taxanes ([@bib3]; [@bib38]; [@bib29]). Other mechanisms depend on the solid tumour microenvironment including problems of limited delivery of anticancer drugs to tumour cells that are distal to functional blood vessels ([@bib19]; [@bib37]; [@bib14]; [@bib39]), and resistance of these slowly proliferating, poorly nourished (often hypoxic) cells to cycle-dependent chemotherapy. We have shown that limited distribution of activity in poorly nourished or hypoxic regions of solid tumours is common to many anticancer drugs, including docetaxel, and is an important cause of therapeutic resistance ([@bib33]).

Autophagy is a cellular process of self-consumption characterised by sequestration of bulk cytoplasm, long-lived proteins and cellular organelles into double-membrane vesicles called autophagosomes, which are delivered to and degraded in lysosomes ([@bib42]). Markers of autophagy co-localise in hypoxic and poorly nourished regions of tumours ([@bib12]; [@bib32]). Autophagy is prognostic of poor outcome in multiple tumour types ([@bib35]; [@bib15]; [@bib34]), and high levels of autophagy have been associated with resistance to systemic therapy in several preclinical and clinical models, presumably because autophagy facilitates survival of stressed or damaged cells through recycling of cellular breakdown products ([@bib46]). Hence, targeting of autophagy with pharmacological agents may be a mechanism to improve the effectiveness of anticancer drugs for solid tumours. Current clinical strategies for inhibiting autophagy include the use of hydroxychloroquine (HCQ) and proton pump inhibitors (PPIs) that disrupt lysosomal pH regulation and thus prevent autolysosome formation and degradation of captured cytoplasmic content. Several clinical trials of HCQ in combination with cytotoxic (docetaxel, temozolomide) and targeted (gefitinib) agents are underway, based on the premise that inhibition of autophagy by HCQ should enhance the efficacy of these drugs ([@bib30]; [@bib31]). Inhibitors of autophagy with greater specificity than HCQ are also being developed ([@bib25]; [@bib8]).

Pantoprazole is a PPI that inhibits the gastric H+, K+-ATPase proton pump; but at higher concentration, PPIs inhibit other proton pumps, including those that acidify endosomes; they have been reported to inhibit autophagy possibly through inhibiting acidification of endosomes or their fusion with autophagosomes ([@bib40]). Proton pump inhibitors have been reported to sensitise cancer cells and solid tumours to different chemotherapeutic agents ([@bib23]). Multiple mechanisms are probably involved, but appear to relate to changes in acidity in intra- and extracellular compartments of tumour cells. Several studies have shown that PPIs such as omeprazole, esomeprazole and pantoprazole have activity against human hematopoietic and solid tumours; they may revert chemo-resistance in drug-resistant tumours and directly induce killing of tumour cells ([@bib47]; [@bib7]; [@bib6]). Growing evidence suggests that the major mechanism may be inhibition of autophagy ([@bib21]; [@bib27]; [@bib41]; [@bib44], [@bib45]).

In the present study, we report that pantoprazole enhances the *in vitro* and *in vivo* activity of docetaxel, a drug in wide clinical use, and provide evidence that the major underlying mechanism is the inhibition of autophagy.

Materials and Methods
=====================

Cell lines, drugs and reagents
------------------------------

Human breast carcinoma MCF-7 cells, human vulvar epidermoid carcinoma A-431 cells, and human prostate cancer PC3 and LNCap cells were used. All cell lines were purchased from the American Type Culture Collection in 2011. MCF-7, A-431 and cells have been maintained in our laboratory and were grown in *α*-minimum essential medium supplemented with 10% FBS (Hyclone, Logan, UT, USA). The PC3 and LNCaP cells were grown in Ham\'s F-12K medium (Life Technologies Inc., Carlsbad, CA, USA) supplemented with 10% FBS. All cells were grown in a humidified atmosphere of 95% air/5% CO2 at 37 °C and experiments were performed on 4th and 5th passages generated from the frozen stock. Routine tests to exclude Mycoplasma in all cell lines were conducted several times each year. Short tandem repeat analysis was conducted to ensure cells (MCF-7, A-431, PC3 and LNCaP) were of human origin in May 2013.

To generate tumours, 4- to 6-week-old male athymic nude mice (Jackson Laboratory, Bar Harbor, ME, USA) were injected subcutaneously in both flanks with 2 × 10^6^ PC3 or LNCaP cells, and 4- to 6-week-old female athymic nude mice (Harlan Sprague--Dawley) with implanted 17*β*-estradiol tablets (60-day release; Innovative Research of America) were injected subcutaneously with 5 × 10^6^ MCF-7 cells per side; non-estradiol-implanted female athymic nude mice were injected with 1 × 10^6^ A-431 cells. There were six mice per treatment group (12 tumours) and each experiment was repeated three times.

Docetaxel was obtained from Sanofi Inc (Laval, Quebec). Pantoprazole was purchased from the hospital pharmacy as a lyophilised powder and dissolved in 0.9% saline. EF5 was provided by the National Cancer Institute as a powder and then dissolved in distilled water supplemented with 2.4% ethanol and 5% dextrose to make a 10-m[M]{.smallcaps} stock solution that was stored at room temperature. Cy5-conjugated mouse anti-EF5 antibody was purchased from Dr Cameron Koch, University of Pennsylvania, Philadelphia, PA, USA. DiOC7 was purchased from AnaSpec (San Jose, CA, USA) and a stock solution (2.5 mg ml^−1^) was made by dissolving in dimethyl sulphoxide; this stock was diluted 1 : 10 in phosphate-buffered saline and 10% Solutol HS 15 (Sigma-Aldrich, Oakville, ON, Canada). *γ*H2aX was recognised with a rabbit anti-human *γ*H2aX primary antibody (Cell Signaling, Danvers, MA, USA). Cleaved caspase-3 was recognised with primary rabbit anti-human cleaved caspase-3 antibody (Cell Signaling, Danvers, MA, USA). Ki67 was identified with primary rabbit anti-human Ki67 antibody (NovusBiologicals, Oakville, ON, Canada). LC3 was recognised with a rabbit anti-human LC3 primary antibody and p62 was recognised with a rabbit anti-human p62 primary antibody (ABGENT, San Diego, CA, USA). Application of all primary antibodies was followed by Cy3-conjugated goat anti-rabbit IgG secondary antibody and visualised using the Olympus fluorescent upright microscope.

*In vitro* cytotoxicity
-----------------------

Single-cell suspensions were treated at 37 °C in 95% air+5% CO2 in stirred glass polyshell vials with or without 50 n[M]{.smallcaps} docetaxel in the presence or absence of pantoprazole at various concentrations. Cells were counted and placed into a 13 ml tube at a concentration of 10^5^cells ml^−1^. Serial dilutions were made to 10^4^ and 10^3^ cells ml^−1^ and each concentration was plated in triplicate into six-well plates. Colonies generated 8--14 days later were stained with methylene blue and counted. The average colony count for each concentration was recorded and surviving fraction was calculated using the following formula:

Growth delay
------------

Mice bearing MCF-7, A-431, PC3 and LNCap tumours were divided into groups of six mice and treated weekly for 3 weeks with saline, docetaxel (15 mg kg^−1^ i.p.), pantoprazole (200 mg kg^−1^ i.p.) or pantoprazole 2 h before docetaxel. These were maximum tolerated doses that caused minimal weight loss ([@bib28]). All mice were ear-tagged and randomised to avoid bias. Two perpendicular diameters of tumours growing in the flanks of mice were measured with a caliper every 2--3 days and treatment began once tumours reached a diameter of 5--8 mm. Measurements were taken until tumours reached a maximum diameter of 1.5 cm or began to ulcerate, when mice were killed humanely. To minimise bias, we only continued measurements if at least 10 tumours were available for assessment. Tumour volume was estimated using the formula: 0.5(ab^2^), where a is the longest diameter and b is the shortest diameter.

Effect of anticancer drugs on biomarkers
----------------------------------------

Mice bearing tumours of mean cross-sectional area 0.7--0.8 cm^2^ were treated with docetaxel (15 mg kg^−1^ i.p.), or pantoprazole (200 mg kg^−1^ i.p.) alone or 2 h before docetaxel. To detect hypoxia and functional blood vessels, EF5 was injected i.p. ∼2 h before killing the mice (0.2 ml of a 10 m[M]{.smallcaps} stock per mouse) and the perfusion marker DiOC7 (1 mg kg^−1^) was injected i.v.1 min before sacrifice. Mice were killed 10 min or 24 h after docetaxel injection and tumours were excised, embedded in OCT compound, frozen in liquid nitrogen and stored at −70 °C. Whole cryostat sections (10 *μ*m thick) were analysed and artifacts and regions of necrosis excluded. Tumour sections were first imaged for DiOC7 using a FITC filter set. Sections were then stained for hypoxic regions using a Cy5-conjugated mouse anti-EF5 antibody (1 : 50) and with appropriate antibodies to one of the following biomarkers: *γ*H2aX cleaved caspase-3, Ki67, LC3 and p62; the sections were imaged using Cy3 filter set (530--560 nm excitation/573--746 nm emission). Image analysis and quantification of biomarker distribution in relation to blood vessels and regions of hypoxia were performed as described previously ([@bib11]).

Evaluation of autophagy
-----------------------

Microtubule-associated protein 1 light chain 3 (LC3), a specific marker for autophagosome formation, has two forms, LC3-I and its proteolytic derivative LC3-II (molecular weight, 18 kDa and 16 kDa, respectively)([@bib43]). LC3-I is localised in the cytoplasm, whereas LC3-II binds to autophagosomes. Various stresses, such as hypoxia and starvation, stimulate the conversion of LC3-I to LC3-II, and upregulation of LC3 expression([@bib26]). Relative autophagic flux can be measured by the levels of LC3-II degraded in autolysosomes in which lysosomal hydrolases are functional ([@bib18]). In addition to LC3, we also used p62/SQSTM1 as a marker of autophagy. The p62 protein serves as a link between LC3 and ubiquitinated substrates but, unlike LC3, is degraded within the mature autolysosome ([@bib2]). Thus, observation of increased p62 is indicative of a build-up of the protein due to inhibition of lysosomal fusion to the autophagosome.

For western blot analysis, PC3 cells treated with or without pantoprazole in the presence or absence of bafilomycin A1 were lysed in RIPA buffer and centrifuged at 13 000 **g** at 4 °C for 30 min. Protein concentration in the supernatant was determined using a Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA) to quantify LC3-I and LC3-II and p62.

The PC3 cells were also transfected with a plasmid containing LC3-II tagged at the N terminus with green (GFP) and red fluorescent protein (RFP); this probe allows distinction of autophagosomes (GFP+RFP+ yellow puncta) and autolysosomes (GFP-RFP+ red puncta), as GFP fluorescence is quenched in the acidic autolysosomes([@bib17]). Cells showing red fluorescence have increased autophagy whereas control cells show yellow fluorescence. Images were examined under a × 20 lens on an Olympus fluorescence microscope using standard filter sets for GFP and RFP. The western blots and the number and spatial distribution of punctae were quantified using Image Pro software (Version premier 9).

RNA interference of autophagy genes
-----------------------------------

The PC3 cells with knockdown of *ATG7* and *BECLIN1* (or both) were generated. Lentiviral shRNA (*ATG7* and *BECLIN1*) constructs were purchased from Open Biosystems (RMM4534_019584 and RMM4534_028835). The *ATG7* and *BECLIN1* shRNAs were transfected into PC3 cells, either alone or together with packaging plasmids following the manufacturer\'s protocol (Invitrogen ViraPower Lentiviral Expression Systems kit, Carlsbad, CA, USA). The silencing efficacy of the various shRNA was assessed by WB analysis of ATG7 and BECLIN1 proteins using polyclonal antibodies.

Animal studies and ethical treatment
------------------------------------

Animal experiments described in this paper were carried out using Animal Use Protocol (AUP1232.15, 09/05/14) approved by Princess Margaret Cancer Center, University Health Network (UHN) Animal Care Committee under the guidelines of the Canadian Council on Animal Care.

Statistical analysis
--------------------

One-way ANOVA, followed by Tukey\'s *post hoc* test, determined statistical differences between treatment groups. *P*\<0.05 was used to indicate statistical significance; all tests were two-sided and no corrections were applied for multiple significance testing. All the experiments were repeated at least three times. Drug and biomarker distributions are represented as mean values±s.e.m.

Results
=======

Pantoprazole increases toxicity of docetaxel
--------------------------------------------

We pretreated the human breast cancer cell line (MCF-7) with pantoprazole (10--1000 *μ*[M]{.smallcaps}) for 2 h followed by docetaxel (50 n[M]{.smallcaps}) and evaluated cell survival by a colony-formation assay ([Figure 1A](#fig1){ref-type="fig"}). Pantoprazole alone was not toxic to MCF-7 cells but pretreatment with concentrations at or above 100 *μ*[M]{.smallcaps} increased the cytotoxicity of docetaxel. Similar effects were seen for human prostate cancer PC3 cells (see Figure 4A).

Mice bearing subcutaneous A-431, MCF-7, PC3 or LNCaP xenografts were treated i.p. weekly for three consecutive weeks with pantoprazole, docetaxel or pantoprazole before docetaxel. Pantoprazole had no significant effect on tumour growth; docetaxel had variable effects to cause growth delay, whereas combined treatment increased growth delay of each type of xenograft ([Figure 1B](#fig1){ref-type="fig"}).

To study antitumour effects in relation to the tumour microenvironment, we used IHC to quantify the distribution of biomarkers following treatment in relation to functional blood vessels of PC3 xenografts. *γ*H2AX was induced within 10 min by docetaxel, with greater activity close to blood vessels, and increased activity following combined treatment ([Figure 2A](#fig2){ref-type="fig"}). At 24 h, there was some activation of cleaved caspase-3, a marker of apoptosis, by pantoprazole, greater induction by docetaxel and marked induction by the combination, again with decreasing activity with increasing distance from blood vessels ([Figure 2B](#fig2){ref-type="fig"}). Reduction in Ki67, a marker of cell proliferation, was also much greater for the combination of pantoprazole and docetaxel than for either drug alone ([Figure 2C](#fig2){ref-type="fig"}). Photomicrographs of Ki67 (magenta) in relation to blood vessels (red) of PC3 xenografts are illustrated for controls, for pantoprazole and following docetaxel with and without pretreatment with pantoprazole ([Figure 2D](#fig2){ref-type="fig"}).

Pantoprazole increases the effectiveness of docetaxel by inhibition of autophagy
--------------------------------------------------------------------------------

We used western blotting to examine the conversion of LC3-I to LC3-II in control and pantoprazole-treated PC3 cells in the presence or absence of the specific lysosomal H+-ATPase inhibitor bafilomycin A1 (Baf). We used Baf to differentiate autophagosome formation from turnover and to identify the accumulation of LC3-II that occurs due to inhibition of autophagy flux. We observed that pantoprazole increased accumulation of LC3-II substantially (median 2.25±0.21-fold) compared with control in the absence of Baf, but with a non-significant effect (median 1.15±0.18-fold) in the presence of Baf, ([Figure 3A](#fig3){ref-type="fig"}) Pantoprazole-induced alteration of the autophagic flux is confirmed by accumulation of p62 (median 3.33±0.26-fold) compared with control, again with non-significant effects in the presence of Baf ([Figure 3B](#fig3){ref-type="fig"}). Thus pantoprazole appears to inhibit autophagy through a similar mechanism to Baf. PC3 cells transfected with the plasmid containing LC3-II tagged at the N terminus with GFP and RFP were exposed to 100 *μ*[M]{.smallcaps} pantoprazole, 5 n[M]{.smallcaps} docetaxel either alone or in combination, saline as control, starvation and 50 *μ*[M]{.smallcaps} HCQ as positive control. Starvation induces autophagy (red fluorescence), as does docetaxel, consistent with increased survival due to autophagy being a mechanism of resistance. HCQ, pantoprazole and combined treatment showed increased yellow fluorescence ([Figure 3C](#fig3){ref-type="fig"}), suggesting that pantoprazole leads to accumulation of autophagosomes due to blocking of the fusion of autophagosomes with lysosomes, thereby inhibiting autophagy.

We generated PC3 cells deficient in the autophagy-associated proteins BECLIN1 and ATG7 by transfecting specific shRNAs, either alone or in combination. There were minimal differences in the sensitivity of wild-type (WT) and single knockdown cells to docetaxel, with greater enhancement of toxicity of pantoprazole in the single knockdown cells ([Figure 4A--C](#fig4){ref-type="fig"}); however, the double knockdown cell line was more sensitive to docetaxel with minimal added effects of pantoprazole ([Figure 4D](#fig4){ref-type="fig"}). The silencing efficacy of the various siRNAs was assessed by western blot analysis of ATG7 and BECLIN1 proteins using polyclonal antibodies ([Figure 4E](#fig4){ref-type="fig"}).

We quantified the markers of autophagy LC3 and p62 in relation to functional blood vessels (recognised by DiOC7) and region of hypoxia (recognised by EF5) using IHC in two human prostate cancer xenografts, PC3 and LNCaP, treated with docetaxel, with and without pantoprazole pretreatment. Results showed that (i) LC3 expression was increased in tumour regions distal to functional blood vessels and proximal to hypoxic regions in wild-type PC3 and LNCaP tumours ([Figure 5A--F](#fig5){ref-type="fig"}), (ii) LC3 expression was increased by docetaxel but was reduced by pantoprazole pretreatment, with lowest levels after treatment with both pantoprazole and docetaxel ([Figure 5A,C,D and F](#fig5){ref-type="fig"}) and (iii) p62 expression was decreased by docetaxel and increased by pantoprazple alone and by combined treatment ([Figure 5B and E](#fig5){ref-type="fig"}). Photomicrographs of LC3 (green) in relation to blood vessels (red) and hypoxic regions (cyan) are illustrated for control, and docetaxel-treated PC3 xenografts with and without pretreatment with pantoprazole ([Figure 5G](#fig5){ref-type="fig"}).

Discussion
==========

Proton pump inhibitors have been reported to sensitise cancer cells and solid tumours to different chemotherapeutic agents ([@bib23]). Multiple mechanisms might be involved, but probably relate to changes in acidity in both intra-and extracellular compartments of tumour cells. In initial studies, we administered pantoprazole before doxorubicin (a weak base that concentrates in acidic endosomes of cells); we reasoned that sequestration of doxorubicin in acidic endosomes might decrease drug available to bind to DNA (and cause cytotoxicity) and decrease drug available to diffuse to more distal cells. We showed that high-dose pantoprazole increases endosomal pH in cultured cells and decreases sequestration of doxorubicin within them ([@bib20]; [@bib39]; [@bib28]). Pantoprazole increased toxicity of doxorubicin for cultured tumour cells, improved the distribution of doxorubicin in tumour tissue, and increased growth delay when doxorubicin was used to treat experimental tumours ([@bib28]). In the present study, we showed similar or greater effects when pantoprazole was given before docetaxel, a drug that is not basic and not known to be sequestered in acidic endosomes, and we sought alternative mechanisms to explain these effects.

It has been reported that inhibition of autophagy increases cytotoxicity of several anticancer drugs in preclinical models ([@bib36]; [@bib5]; [@bib9]). Chloroquine (CQ) and hydroxychloroquine (HCQ) are known to inhibit autophagy and have been investigated in preclinical studies and in more than 30 clinical trials; however, the ocular toxicities and minimal single-agent anticancer efficacy of CQ or HCQ have restricted their clinical application. In a recently published phase I/II trial of HCQ with temozolomide for glioblastoma multiforme, pharmacokinetic--pharmacodynamic studies indicated that the high micromolar concentrations of HCQ required to inhibit autophagy *in vitro* are inconsistently achieved in patients ([@bib31]). New and safer inhibitors of autophagy are worthy of investigation.

There is evidence that PPIs inhibit autophagy, probably because fusion of autophagosomes with acidic endosomes is central to the process ([@bib24]). Autophagy can be evaluated with an RFP-GFP-LC3-II tandem construct, a method that depends on the acidification and capacity for degradation of the lysosome ([@bib17]). Our results suggest that pantoprazole inhibits autophagy by raising lysosomal pH and/or by inhibiting fusion of autophagosomes with lysomes, leading to the accumulation of autophagosomes. This mechanism is supported by results of western blots, which showed that pantoprazole increased the accumulation of both LC3-II and p62, effects that were reduced or absent in the presence of bafilomycin, indicating similar mechanisms of action. A recent study shows that steady state levels of the p62 protein reflect the autophagic status, and that p62 levels increase when autophagy is blocked ([@bib1]; [@bib2]).

It has been reported that deletion of ATG7 and BECLIN1 inhibits autophagy in cervical cancer cells induced by nutrient deprivation and increases cell death ([@bib48]). Stable knockdown of ATG7 in human breast cancer cells inhibited cell growth in soft agar and tumour formation in nude mice ([@bib16]). Several studies have suggested that autophagy may also function as a survival mechanism adopted by cancer cells facing hostile microenvironment conditions (such as hypoxia) and the resultant metabolic stress. We have compared therapeutic effects *in vitro* and *in vivo* of wild-type prostate cancer PC3 cells with autophagy-deficient PC3 cells where shRNA has been used to knock down BECLIN1, ATG7 or both. Knockdown of BECLIN1 or ATG7 increased pantoprazole-induced cytotoxicity of docetaxel, presumably because of combined effects to abrogate autophagy, whereas the double knockdown cell line with absent autophagy is already more sensitive to docetaxel and toxicity was not increased further by pantoprazole ([Figure 4](#fig4){ref-type="fig"}).

Our data confirm that autophagy is upregulated in poorly nourished regions of PC3 and LNCaP xenografts, consistent with the findings of others ([@bib32]), suggesting its role in cell survival under stressed microenvironmental conditions. Docetaxel leads to substantial upregulation of autophagy, throughout the tumour as indicated by an increase in LC3 and a decrease in p62, consistent with an effect of autophagy to promote cell survival by recycling cellular components in cells damaged by chemotherapy. Pantoprazole has a marked effect to inhibit docetaxel-induced autophagy throughout PC3 and LNCaP tumours ([Figure 5](#fig5){ref-type="fig"}).

Pantoprazole given 2 h before docetaxel led to consistent and substantial augmentation of growth delay due to docetaxel in four different xenografts, although pantoprazole alone had no effect. This occurred in xenografts with no (MCF-7), modest (PC3 and LNCaP) and substantial (A-431) sensitivity to docetaxel alone ([Figure 1B](#fig1){ref-type="fig"}) and with minimal increase in toxicity. The distribution of activity of docetaxel (evaluated by the biomarkers *γ*H2AX, cleaved caspase-3 and Ki67) in PC3 xenografts was increased substantially by pantoprazole ([Figure 2](#fig2){ref-type="fig"}). [Figure 2B](#fig2){ref-type="fig"} showed slightly increased apoptosis by pantoprazole alone, and this is most likely due to the role of autophagy in the degradation of toxic proteins ([@bib22]). Autophagy is also linked to the unfolded-protein response (UPR), which is important for dealing with cell stress and if inhibited may trigger apoptosis ([@bib10]). However, combined treatment shows an increase in apoptosis that is synergistic rather than additive. Another group also reported that proton pump inhibitors have caspase- and pH-dependent antineoplastic activity in human melanoma ([@bib24]).

Our group has undertaken a phase I trial of pantoprazole given every 3 weeks before doxorubicin, which indicated a maximum tolerated dose of pantoprazole of 240 mg in patients ([@bib4]). The mean serum concentration 1--2 h after injection of pantoprazole 240 mg was 84 *μ*[M]{.smallcaps} with some patients exceeding 100 *μ*[M]{.smallcaps} -- a concentration that leads to antitumour effects in mice ([@bib28])--and the mean half-life in serum was 7.5 h. The present results and those of the phase I trial led to initiation of a phase II study of pantoprazole and docetaxel as first-line chemotherapy for men with castration-resistant prostate cancer (docetaxel is the standard treatment for such men). Clinical interaction with docetaxel will be checked in our ongoing phase 2 trial for prostate cancer but an interaction seems unlikely in view of lack of added toxicity, and our phase I trial showed that there was no interaction between pantoprazole and doxorubicin.

Our present findings, together with data suggesting that markers of autophagy are associated with poor prognosis and poor response to treatment in several types of cancer ([@bib13]), suggest that autophagy might be a general mechanism of drug resistance in solid tumours. Inhibitors of autophagy should be evaluated further for their effects to modify treatments with drugs and radiotherapy.
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![**The effect of pantoprazole and docetaxel.** (**A**) The effect of pantoprazole (PTP) on survival of MCF-7 cells alone (left panel) and with docetaxel (DOC: 50 n[M]{.smallcaps}) as determined by a clonogenic assay (note that surviving fraction is plotted on a logarithmic scale with condensed scale in right panel). Panel left, (control ●, pantoprazole alone at 10 *μ*[M]{.smallcaps} ▪, 50 *μ*[M]{.smallcaps} ▴,100 *μ*[M]{.smallcaps} ♦, 200 *μ*[M]{.smallcaps} , 500 *μ*[M]{.smallcaps} ▾, 1 m[M]{.smallcaps} ◊); Panel right (docetaxel alone ●, plus pantoprazole at 10 *μ*[M]{.smallcaps} ▪, 50 *μ*[M]{.smallcaps} ▴, 100 *μ*[M]{.smallcaps} ♦, 200 *μ*[M]{.smallcaps} ,500 *μ*[M]{.smallcaps} ▾and 1 m[M]{.smallcaps} ◊). Mean and s.e.m. are shown for three independent experiments. (**B**) Effect of pantoprazole and docetaxel on tumour growth in mice. Mice bearing MCF-7, A-431, PC3 and LNCaP xenografts were treated weekly for 3 weeks with saline, docetaxel (15 mg kg^−1^), pantoprazole (200 mg kg^−1^) or pantoprazole given 2 h before docetaxel. Tumour volume in mice was measured every 2--4 days (data represent mean±s.e.m.; *n*=12). Note that tumour volume is plotted on a logarithmic scale.](bjc201517f1){#fig1}

![**PC3 tumours treated with docetaxel (DOC: 15 mg kg^−1^ i.p.), pantoprazole (PTP: 200 mg kg^−1^ i.p.), pantoprazole 2 h before docetaxel or untreated controls.** Figures represent per cent positive pixels for biomarkers as a function of distance from the nearest blood vessel in the section. (**A**) *γ*H2aX at 10 min after docetaxel, (**B**) cleaved caspase-3 and (C) Ki67, both at 24 h after docetaxel. (D) Photomicrographs of Ki67 staining at 24 h in untreated (control), pantoprazole-treated alone and docetaxel-treated PC3 xenografts with or without pretreatment with pantoprazole.](bjc201517f2){#fig2}

![**Effect of pantoprazole on autophagy flux.** Representative western blot (*N*=4) of PC3 cells treated with or without pantoprazole (PTP) 100 *μ*[M]{.smallcaps} (2 h) in the presence or absence of bafilomycin A1 (Baf) 100 n[M]{.smallcaps} (4 h) to quantify LC3-I and LC3-II (**A**). The relative density of the LC3-II band is indicated. Pantoprazole alteration of the autophagic flux is confirmed by accumulation of p62 (**B**). The relative density of the p62 band is indicated. (**C**) Representative experiment (*N*=3) showing the effect of pantoprazole on accumulation of autophagosomes. PC3 cells were transfected with a RFP-GFP-LC3-II plasmid, with and without serum starvation (4 h), HCQ (50 *μ*[M]{.smallcaps} for 24 h), pantoprazole (100 *μ*[M]{.smallcaps} for 26 h), docetaxel (5 n[M]{.smallcaps} for 24 h) and combined treatment (pantoprazole 26 h commencing 2 h before docetaxel). The plasmid allows distinction of autophagosomes (GFP+ RFP+ yellow puncta) and autolysosomes (GFP− RFP+ red puncta) as GFP fluorescence is quenched in the acidic autolysosomes. Quantification was done by Image Pro software (Version premier 9).](bjc201517f3){#fig3}

![**The effect of pantoprazole on the toxicity of docetaxel, pantoprazole or both agents.** (**A**--**D**) The effect of pantoprazole on the toxicity of docetaxel, pantoprazole or both agents for PC3 wild-type (WT) cells (**A**), autophagy-deficient knockdown cells lacking ATG7 (**B**), BECLIN1 (**C**) or both (**D**: double knockdown: DK) as determined by a clonogenic assay. Control (blue), docetaxel (50 n[M]{.smallcaps}, 24 h, purple), pantoprazole (100 *μ*[M]{.smallcaps}, 24 h, green), pantoprazole followed by docetaxel (red). Cells were plated in triplicate and data are means±s.e.m. (N=3); Asterisk indicates a significant difference in cell survival as compared with control across indicated treatment groups. (**E**) Western blot assay confirmed knockdown of ATG7 and BECLIN1.](bjc201517f4){#fig4}

![**Treatment of PC3 and LNCaP tumours.** PC-3 (**A**,**B**,**D**,**E**) and LNCaP (**C**,**F**) tumours treated with docetaxel (15 mg kg^−1^ i.p.), pantoprazole (200 mg kg i.p.), pantoprazole 2 h before docetaxel or untreated controls. Figures represent per cent positive pixels for LC3 (**A**,**C**), p62 (**B**) as a function of distance from the nearest blood vessel and LC3 (**D**,**F**) and p62 (**E**) as a function of distance from the nearest hypoxic region. (**G**) Photomicrographs of LC3 in untreated (control), pantoprazole-treated, docetaxel-treated PC3 tumour xenografts, with or without pretreatment with pantoprazole.](bjc201517f5){#fig5}
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